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ABSTRACT: Lead halide perovskites have been of great interest
due to their promising optoelectronic applications. While solution-
based synthetic methods have been well developed, they often
form mixtures of perovskites having several different phases, which
cannot be easily purified by conventional purification methods.
Here we report a high-pressure purification method of 0D
Cs4PbBr6 perovskite containing a trace of 3D CsPbBr3. The
synthesized 0D Cs4PbBr6 perovskites exhibit strong photoluminescence at λpeak = ∼520 nm because of the trace amount of CsPbBr3
embedded in the Cs4PbBr6. With the application of high pressure (20 GPa), the crystalline CsPbBr3 phase turns amorphous, while
the crystal structure of Cs4PbBr6 is retained without change. Almost 95% of the CsPbBr3 phase can be removed by one cycle of
compression (1 atm to 20 GPa, and to 1 atm). Due to the removal of CsPbBr3, Cs4PbBr6 perovskites which originally show strong
green fluorescence become nonfluorescent after one cycle of compression.

■ INTRODUCTION

Impurities affect the properties of materials. In particular, the
optical and electrical properties of original materials are
significantly altered by the trace amount of impurities. Since
the localized electronic states (so-called trap states) in
semiconducting materials are strongly associated with chemical
impurities,1,2 their properties such as absorption, emission,
conductivity, and carrier mobility are dependent on impurities.
Hence, purification techniques or controlled impurity levels in
materials are in high demand for their application. For organic
materials, various purification methods including distillation,
sublimation, crystallization, and chromatography have been
well developed. Alternatively, purification techniques for
inorganic materials are relatively limited. Furthermore, it is
very difficult to purify inorganic nanomaterials with different
size, dimensionality, and phase, which are also crucial factors to
affect their optical and electric properties.
In recent years, metal halide perovskites (MHPs) with the

formula AαBX2+α, where A, B, and X are monovalent cations,
divalent metals such as Pb2+, and halogen anions such as Cl−,
Br−, and I−, respectively, have been of great interest due to
their outstanding optical and electrical properties.3−8 In this
case, α can vary from 1 to 4. For the case of α = 1 (ABX3), it
forms a typical three-dimensional (3D) structure. Increasing α
leads to the formation of lower dimensional structures and
ultimately zero-dimensional (0D) perovskites (A4BX6) are
formed when α is 4. More recently, low dimensional MHPs
have begun to receive increasing attention because of their
strong quantum confinement and high stability. For example,
0D Cs4PbBr6 perovskites have been investigated as a promising

wide band gap material (Egap > 3.0 eV),9−11 with the intent of
their application in UV detectors.12,13 Originally, 0D Cs4PbBr6
perovskites attracted research interest because of their very
high photoluminescence quantum yield (PLQY = 45%) in the
solid state, which is almost 2 orders higher than that of 3D
CsPbBr3.

14−18 However, it turns out that pure 0D Cs4PbBr6 is
nonfluorescent at room temperature due to the thermal
quenching caused by exciton migration, and the frequently
observed green emission (λ = ∼520 nm) in Cs4PbBr6 is more
likely the result of emission by CsPbBr3 embedded in bulk
Cs4PbBr6.

19 In this case, the impurity, CsPbBr3 embedded in
Cs4PbBr6, is not easily removed using conventional purification
methods such as solvent treatment, thermal treatment, and
centrifugation.
In this work, we report an efficient purification method of

0D Cs4PbBr6 containing an impurity of 3D CsPbBr3 by high-
pressure compression. Our approach utilized the fact that 3D
CsPbBr3 crystals are sensitive to the change of pressure and
generate distortions of the Pb−Br bonds at moderately low
pressure, while 0D Cs4PbBr6 crystals are much more stable at
high pressure conditions.20,21 The selective amorphization of
3D CsPbBr3 crystals was induced by applying high pressure.
After decompression, the content of CsPbBr3 decreased
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significantly. The purity of Cs4PbBr6 bulk crystals was
confirmed by photoluminescence (PL), UV−vis absorbance,
XRD, and Raman measurements.

■ EXPERIMENTAL SECTION

Sample Preparation and High-Pressure Generation.
All reagents including cesium bromide (CsBr, 99.9%, Sigma-
Aldrich), lead bromide (PbBr2, 98%, Sigma-Aldrich), and
dimethyl sulfoxide (DMSO, ≥99.5%, Daejung, Korea) were
used as-received without further purification. Cs4PbBr6 crystals
were synthesized by the antisolvent vapor-assisted crystal-
lization (AVC) method.22 Briefly, a crystallization vial
containing 1 mL of precursor solution of 0.25 M lead bromide
(PbBr2) and 0.25 M cesium bromide (CsBr) in dimethyl
sulfoxide (DMSO) was placed inside of a closed container with
4 mL of diethyl ether under room conditions. Due to the high
vapor pressure of diethyl ether at room temperature, Cs4PbBr6
crystals formed by the gradual diffusion of diethyl ether into
the vial. After 48 h, an interface between diethyl ether and
DMSO was formed in the vial, resulting in the growth of small
crystals. The crystals were collected and washed with ample
amounts of IPA/DMSO (3:1) solvent and then dried in
nitrogen atmosphere. High pressure experiments were carried
out using a symmetric diamond anvil cell (DAC). A T301
stainless steel gasket with a thickness of 250 μm was used as
the sample chamber. An approximately 5 μm ruby ball was
inserted into the sample compartment for in situ pressure
calibration. Silicone oil was used as the pressure transmitting
medium. The compression was carried out an interval of about
30 min per step.
Optical Absorbance, PL, and Raman Measurements.

Absorbance spectra were taken in the exciton absorption band
region using a deuterium-halogen light source. PL spectra were
collected using a Horiba LabRAM HR Evolution Raman
spectrometer, equipped with a 473 nm laser. In situ high
pressure Raman spectra were recorded using a silicon CCD
detector. A Renishaw Via Raman system was used to collect
the Raman signal from the sample in a DAC. A 633 nm
radiation of a He−Ne laser with 17 mW output power was
used to excite the sample.
XRD Measurements. High pressure XRD data were

measured at 13BMC of the Advanced Photon Source at the
Argonne National Laboratory. The Dioptas program was used
to integrate and analyze the collected 2D images. The XRD
patterns were refined using the crystallography data analysis
program of the General Structure Analysis System (GSAS).

■ RESULTS AND DISCUSSION

Cs4PbBr6 bulk crystals were prepared by following the
antisolvent vapor-assisted crystallization method.22 Briefly, a
crystallization vial containing 1 mL of precursor solution of
0.25 M lead bromide (PbBr2) and 0.25 M cesium bromide
(CsBr) in dimethyl sulfoxide (DMSO) was placed inside a
closed container with 4 mL of diethyl ether at room
conditions. Due to the high vapor pressure of diethyl ether
at room temperature, Cs4PbBr6 crystals formed by the gradual
diffusion of diethyl ether into the vial. After 48 h, an interface
between diethyl ether and DMSO was formed in the vial,
resulting in the growth of small crystals. The crystals were
collected and washed with ample amount of IPA/DMSO (3:1)
solvent then dried in nitrogen atmosphere.

As-prepared Cs4PbBr6 crystals exhibited a pale green color
under visible light, and a bright green fluorescence under UV
light, as shown in Figure 1a,b. To explore their optical

properties, absorption and emission spectra were obtained. As
shown in Figure 1c, a strong absorption peak around at 320
nm (3.87 eV) that corresponds to the absorption band of
Cs4PbBr6 was observed.15,23,24 In addition to the Cs4PbBr6
peak, another absorption edge at 528 nm (2.36 eV) was also
detected. Additionally, the crystal exhibited a sharp PL peak at
λem = 515 nm with a narrow bandwidth (fwhm = 22 nm) with
exposure of UV light (λex = 325 nm). It is notable that the PL
emission was higher than the band gap obtained by absorption.
We attributed that this is mainly because of the inaccurate
estimation of absorption edge. The Tauc analysis used in our
experiments is convenient, but the Tauc band gap tends to
underestimate the electronic band gap due to the presence of
excitonic transition.25,26 Both the absorption edge at 528 nm
and the PL at 515 nm correspond to the typical features of 3D
CsPbBr3 nanoparticles. These results suggest that the
synthesized 0D Cs4PbBr6 crystals are not pure but rather a
mixture with 3D CsPbBr3. Due to the inhomogeneous
distribution of 3D CsPbBr3 in 0D Cs4PbBr6, some parts of
the Cs4PbBr6 crystal look transparent and nonemissive under
both visible and UV irradiation, and consistently there was no
absorption and emission signal.
Crystal structure of the synthesized Cs4PbBr6 was

characterized by analyzing synchrotron X-ray diffraction
(XRD) data. The collected XRD data were compared with
the calculated one to validate the purity of the synthesized
Cs4PbBr6 crystal (Figure 2). It was confirmed that the
structure of the sample was 0D Cs4PbBr6, a rhombohedral
phase with space group R3̅c based on the refined XRD results
at ambient condition. The unit cell dimensions are a = b =
13.72 Å, c = 17.30 Å. The structure of Cs4PbBr6 crystal consists

Figure 1. (a) Optical and (b) fluorescence micrographs of a Cs4PbBr6
crystal. (c) Absorption spectrum (dark green dots) and PL spectrum
(light green line) of a bulk Cs4PbBr6 crystal.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c06405
J. Phys. Chem. C 2020, 124, 22291−22297

22292

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c06405?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c06405?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c06405?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c06405?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c06405?ref=pdf


of isolated octahedral PbBr6
−4 ions and interspersed Cs+

cations (Figure S1 of the Supporting Information, SI). Along
with the characteristic patterns of Cs4PbBr6, some other small
peaks were also found in the XRD. Those peaks corresponded
to the diffraction pattern of CsPbBr3 with space group Pm3̅m
and lattice constant a = 5.90 Å (Figure S2). Considered
together with UV−vis and PL features, XRD analyses support
that the synthesized Cs4PbBr6 crystals contain a small amount
of CsPbBr3 as an impurity, and the strong green fluorescent
emission at λem = 515 nm originates from the impurity
CsPbBr3 embedded in Cs4PbBr6. In this case, CsPbBr3
crystallites are expected to be uniformly embedded in the
Cs4PbBr6 crystal due to endotaxial stabilization.27−30

Hence, CsPbBr3 was not easily removed from Cs4PbBr6
using conventional solvent treatment. As mentioned earlier,
although the synthesized Cs4PbBr6 crystals were washed with
solvents, the characteristics of CsPbBr3 (absorption edge at
528 nm and PL at 515 nm) kept appearing regardless of the
solvent treatments. As an alternative purification method, we
have utilized high-pressure compression. Figure 3a shows the
representative in situ high-pressure optical micrographs of a
Cs4PbBr6 crystal in a diamond anvil cell (DAC). Originally, the
crystal was transparent with a pale yellow color. With
compression, the yellow color gradually became weaker, and
almost disappeared at 3.3 GPa. Above 3.3 GPa, the crystal
again turned to a pale orange color, which became a deeper
and deeper color as the pressure increased to 20.0 GPa. After
releasing the pressure to 1 atm, the crystal looked completely
colorless and transparent. The fluorescent photographs at the
corresponding pressure were also observed. As shown in Figure
3b, the Cs4PbBr6 crystal exhibited strong green fluorescence at
1 atm due to the trace amount of CsPbBr3 as previously
discussed. With increasing pressure, the green fluorescent color
gradually diminished and became almost nonfluorescent at 3.3
GPa. With further compression above 3.3 GPa, the sample
started to show yellow fluorescence at 6.3 GPa, whose intensity
increased until ∼12.0 GPa. However, the fluorescence became
weaker again above 14.5 GPa, and then finally turned colorless
above 20.0 GPa. After decompression to 1 atm, the sample was
still almost nonfluorescent.
Selected steady-state pressure-dependent PL spectra are

shown in Figure 4a. The PL spectrum at 1 atm showed a
strong peak at 515 nm, which again was attributed to the PL of
impurity CsPbBr3 embedded in the Cs4PbBr6. The PL
intensity was gradually decreased with increasing pressure,
and eventually disappeared above 2.2 GPa. The disappearance

Figure 2. Powder XRD pattern of the synthesized Cs4PbBr6 crystal
(black). The peaks marked with asterisk correspond to CsPbBr3
phase. The calculated XRD pattern of Cs4PbBr6 (green) is well
matched with the experimental one.

Figure 3. (a) In situ high-pressure optical micrographs in a DAC showing the piezochromism of a Cs4PbBr6 crystal. (b) Corresponding PL
photographs under UV irradiation. Exposure times were increased by 20 times in the pressure range of 6.3−20.0 GPa.
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of PL peak at 515 nm corresponds to the pressure-induced
amorphization of CsPbBr3.

20,21 The sample exhibited a very
broad emission peak centered ∼600 nm above 7.3 GPa, which
is a characteristic feature of a Cs4PbBr6 crystal under high
pressure.31 The broad PL emission of Cs4PbBr6 appearing at
high pressure was attributed to the charge carrier relaxation by
the self-trapped exciton (STE) state (Figure S3).31−33 Since its
PL intensity was much weaker than that of PL peak 515 nm,
the PL spectra above 3.0 GPa were presented by multiplying
10 times to clearly show the peak at ∼600 nm (Figure 4a). The
PL intensity increased as the pressure increased up to 12.3
GPa, and then decreased again when the pressure increased to
20.2 GPa. No emission was observed above 16.2 GPa. Such PL
intensity changes are consistent with the PL responses of
Cs4PbBr6 nanocrystals reported elsewhere.31 After decom-

pression to 1 atm, the PL peak recovered at 515 nm, but the
intensity significantly reduced (less than 5% of the original PL
intensity at 1 atm). The in situ high pressure absorption
spectra of the crystals were also collected in Figure 4b. The
band edge at 528 nm attributed to the absorption by CsPbBr3
gradually disappeared as the pressure increased. The
disappearance of the band edge corresponds to the
disappearance of the green fluorescence of CsPbBr3. These
data strongly suggest that the impurity CsPbBr3 was removed
by pressure-induced amorphorization. When the pressure
increased to 3.4 GPa, the absorption peak at 320 nm of
Cs4PbBr6 became broadened and the edge was extended to the
visible range. Ma et al. reported that this phenomenon was
caused by the binding energy of self-trapped excitons upon the
large distortion of [PbBr6]

−4 octahedral motifs of the Cs4PbBr6

Figure 4. (a) PL spectra and (b) absorption spectra of Cs4PbBr6 crystal as a function of the compressive pressure.

Figure 5. (a) Representative XRD patterns and (b) Raman spectra of Cs4PbBr6 crystals measured at different pressure levels.
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crystal resulting from pressure.31 After decompression, the
absorption peak of the Cs4PbBr6 crystal recovered to a broad
peak at 310 nm, but the band edge of CsPbBr3 was not
recuperated.
In situ XRD and Raman experiments more clearly conform

the purification of Cs4PbBr6 crystal by compression. XRD
patterns of Cs4PbBr6 were obtained as a function of pressure
(Figure 5a). The diffraction peaks of CsPbBr3 quickly
decreased with increasing pressure, and then totally dis-
appeared at 2.6 GPa. Meanwhile, the evolution of the XRD
patterns demonstrates that a reversible phase transition of
Cs4PbBr6 from a rhombohedral (space group R3̅c) to a
monoclinic (space group B2/b) structure began at 2.6 GPa
(Figure S4). The phase transition is accompanied by the
distortion of [PbBr6]

−4 octahedra, which can lead to the
increased binding energy of self-trapped excitonic state of the
material. We carried out the high-pressure Raman experiments
to track the impact of the Pb−Br network structure on the
optical properties of the sample. The evolution of Raman
spectra in the range of 60 to 300 cm−1 is shown in Figure 5b.
There are four strong peaks at 69, 74, 82, and 123 cm−1,
corresponding to υ1, υ2, υ3, and υ4 vibrational modes,
respectively, observed under ambient conditions. These
modes were assigned for the vibrational modes of the
[PbBr6]

−4 octahedron and the motion of Cs+.16,34 With
increasing pressure, all Raman peaks moved continuously to
the higher frequency regime, indicating pressure-induced Pb−
Br bond contraction. The profile of the spectra remained
unchanged, but the intensity varied with the pressure. The υ1,
υ2, and υ3 modes became very weak and almost disappeared as
the pressure increased higher than 2.0 GPa. The reduction in
intensity of these modes is possibly because of the change of
Pb−Br network structure caused by the pressure-induced
[PbBr6]

−4 octahedral distortion. Meanwhile, the relative
intensity of the υ4 mode was enhanced, especially over 4.0
GPa. The three modes υ1, υ2, and υ3 redistribute those
intensities at 2.0 GPa, which agrees well with the Rietveld
refinement results, reflecting that the phase transition of
Cs4PbBr6 crystals was caused by the change of the octahedral
structure, followed by amorphization above 5.0 GPa. After
decompression, both XRD patterns and Raman profiles of
Cs4PbBr6 recovered their original state at ambient conditions,
which suggests that the structure of Cs4PbBr6 crystal was
reversible.
These all results strongly suggest that the high-pressure

compression to 20 GPa leads to the selective amorphization of
CsPbBr3 without deteriorating the structure of Cs4PbBr6. The
removal efficiency of CsPbBr3 from Cs4PbBr6 crystal by single
compression was remarkably high (>95%). When the
compression pressure is lower than 20 GPa, the purification
efficiency decreased. The purification efficiency was lowered to
∼60% when the compression pressure was 17 GPa (Figure
S5). Hence at least three compression cycles were demanded
to achieve the similar purification efficiency at 20 GPa when
the compression pressure was 17.0 GPa (Figure S6). Once
CsPbBr3 crystallites were amorphorized, they barely recrystal-
lized under ambient conditions. As shown in Figure S7,
Cs4PbBr6 crystal stayed nonfluorescent at least for 10 days after
our high pressure purification.

■ CONCLUSIONS
In summary, a novel purification method of Cs4PbBr6 crystal
was developed. High-pressure compression can be used to

selectively remove CsPbBr3 by pressure-induced amorphiza-
tion without depreciating the Cs4PbBr6 crystal structure. After
purification, the remaining amount of CsPbBr3 embedded in
Cs4PbBr6 was almost negligible, and the crystallinity of
Cs4PbBr6 was intact. We anticipate that our purification
method is suitable for obtaining highly crystalline Cs4PbBr6
crystals without CsPbBr3 impurity and potentially applicable
for other semiconducting materials.
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